Identifying crops that are adapted to semi-arid environments of the central and northern Great Plains (GP) has been a major challenge. An alternative crop with potential for semi-arid crop production in the GP is camelina (Camelina sativa L. Crantz). Compared to other oilseed crops, research has shown spring camelina to be cold and drought tolerant requires relatively low agricultural inputs and well adapted to semi-arid regions. Because of these agronomic attributes, camelina has been promoted as a low-input biofuel crop for the drier regions of the GP. Camelina seed has higher oil content (> 35%) with unique properties for industrial and nutritional applications. For example, a blend of camelina-based jet fuel tested in commercial and military flights in the US met all aviation fuel specifications and performance. The oil contains 40% α-linolenic acid (18:3n-6) an omega-3 fatty acid which has important implication in human and animal diets. Thus camelina has potential for commercial biofuel production and other industrial uses. However, there are limited production recommendations for camelina and the benefits and challenges of adopting camelina in cereal-based crop production systems in the GP have not been sufficiently explored. In addition, the lack of a reliable market outlet and low profitability when compared to other oilseeds are presently hampering camelina adoption by growers. Agronomic research to identify suitable camelina genotypes, seeding dates and soil fertility requirements are needed to develop site-specific production recommendations for camelina in the GP. Plant breeding efforts to develop desirable varieties with improved seed yield, oil content and fatty acids composition and tolerance to heat stress needs to be explored. Research efforts into perfecting alternative uses for camelina oil and meal such as using camelina as a drop-in product for adhesives, films, coatings, packing materials and plastics will expand the market beyond biodiesel. An expanded niche market will enhance the economic viability of camelina as a commercial oilseed in the GP. Citation: Obour KA, Sintim YH, Obeng E, Jeliazkov DV (2015) Oilseed Camelina (Camelina sativa L Crantz): Production Systems, Prospects and Challenges in the USA Great Plains. Adv Plants Agric Res 2(2): 00043. Comparative growth of spring-planted canola, brown mustard and camelina. Ind Crop Prod 36(1): 9-13. 28. Dosdall LM, Stevenson FC (2005) Managing flea beetle (Phyllotreta spp.) (Coleoptera: Chrysomelidae) in Canada with seeding date, plant density and seed treatment. Agron J 97(6): 1570-1578. 29. Pavlista AD, Isbell TA, Baltensperger DD, Hergert GW (2011b) Planting date and development of spring-seeded irrigated canola, Oilseed Camelina (Camelina sativa L Crantz): Production Systems, Prospects and Challenges in the USA Great Plains 8/10
Introduction
The Great Plains (GP) region in the United States span from the middle of the continental USA about the 100 th meridian westward to the Rocky Mountains and from northern Texas to the Canadian border [1] . The Great Plains covers several states in the central part of the US including Colorado (CO), Kansas (KS), Montana (MT), North Dakota (ND), Nebraska (NE), New Mexico (NM), Oklahoma (OK), South Dakota (SD), Texas (TX) and Wyoming (WY) ( Figure 1 ) http://www.unl.edu/plains/ about/map.shtml). The region produces more than 60% of the total wheat produced in the USA [2] . The predominant wheat production system in this region is wheat-fallow (WF) or wheatsummer crop -fallow. In a WF cropping system wheat is usually planted in September and harvested in June of the following year, followed by a 14-month fallow period. The fallow phase allows soil moisture accumulation to recharge the soil profile and hence stabilizes crop production by reducing the chance of crop failure. Research evidence however, showed that the fallow phase in the cropping system is not efficient in moisture storage. Precipitation storage efficiency during fallow is < 30% of the total precipitation received during the fallow period [3] . Besides, the use of conventional tillage (CT) operations for weed control during fallow has resulted in insufficient crop residue return to the soil, depletion of soil organic matter (SOM), declining soil fertility, soil erosion and inefficient water storage [4] . In recent years, introduction and adoption of reduced tillage (RT) and no-till (NT) practices have led to increased moisture storage and allowed crop intensification in most regions of the GP. For example, precipitation storage efficiency in a NT, WF system was 35% compared to 20% in a CT, WF cropping system [5] . Over 75% of precipitation received during the fallow phase of WF system is lost to evaporation, runoff, deep percolation and weeds [6] . Replacing fallow with frequent cropping will increase the amount of residue returned to the soil, protect the soil against wind and water erosion and potentially increase nutrient cycling through SOM decomposition. Economically, intensive cropping combined with RT has been shown to be more profitable compared to WF systems in the GP [7, 8] .
Saseendran et al. [9] reported that the average precipitation received in the two-year period of WF rotation supplies more water than a single wheat crop can use suggesting the possibility of replacing fallow in WF rotation with a suitable crop that has unique agronomic and economic potential. The challenges to cropping systems intensification in the GP is to identify alternative crops that are adapted to the semi-arid climate and also fit into existing crop rotation systems in the region. Considerable attention has been given to oilseeds as potential alternative crop to replace the fallow period. Replacing the fallow phase in non-irrigated wheat production systems with a bioenergy oilseed crop will allow for a bioenergy raw material production without compromising exiting agricultural land use for food production and enhance economic and environmental sustainability of wheat production.
Oilseeds have been identified as one of the seven bioenergy crops by United States Department of Agriculture (USDA) and Department of Energy. The U.S. Renewable Fuels Standards (effective July 10, 2010) has a mandate that the American economy will be using 36 billion gallons of renewable transportation fuel per year by 2022 [10] . Of the 36 billion gallons from biofuels, the USDA estimated that 0.5 billion gallons will come from oilseed crops. Therefore, biofuel from oilseed crops are expected to play a significant role in our efforts to mitigate global climate change caused by greenhouse gas emissions from fossil fuels. An oilseed crop mentioned in the USDA report that has potential for biodiesel production in the GP is camelina [10] . Biodiesel (fatty acid methyl esters after transesterification) prepared from camelina oil has fuel properties (low temperature operability, acid value, kinematic viscosity, lubricity, cetane number, etc.) similar to those of biodiesel produced with soybean oil [11] . In addition, cold pressed filtered neat oil (straight vegetable oil) prepared from camelina seeds produced greater power output (43.3 Kw) compared with 38.5 kW for mineral diesel fuel, but fuel consumption of the tested vehicle was greater with camelina neat oil than the mineral diesel fuel [12] .
Compared to other oilseed crops, research has shown camelina to be cold and drought tolerant [13] requires relatively low agricultural inputs and well adapted to water-limited environments in the GP [14] . Spring camelina is a short season crop, requiring about 85 to 100 days from planting to maturity [15] . The short growth cycle allows camelina to be planted in early spring and harvested in June. This allows enough time for soil water recharge for planting the subsequent wheat crop in the fall. Cropping systems studies in Conrad, MT and Lingle, WY has shown that camelina can replace fallow in WF systems with minimal yield reductions (about 6%) in wetter years [16] . But in drier years, a 13% and 30% reduction in wheat yields following camelina were reported in Conrad and Lingle respectively [16] . Our ongoing studies at Wyarno, near Sheridan, WY showed 18.5% reduction in winter wheat yield following spring camelina in the 2013/2014 cropping season [17] . The 18.5% reduction in wheat yield following camelina compared to those following the fallow phase was probably due to the prolonged fallow period (24-month fallow because the study was established on initial fallowed field) than what is usually practiced.
Despite its potential as an alternative bioenergy crop for semi-arid cropping systems in the GP, limited research has been conducted on camelina and its agronomic potential and industrial applications remains largely underexploited. The purpose of this review is to a) provide information on agronomic potential for camelina production in semi-arid environments in the GP; b) explore current use and potential industrial applications for camelina; and c) outline challenges and prospects for future research to ensure economic viability of camelina production in the GP.
Deciding on a Crop for Fallow Replacement
Crops adopted to replace the fallow phase in the predominant WF or wheat-summer crop-fallow system must add an agronomic benefit to the cropping system, relatively easy to manage with minimum pest and disease infestations, compatible with existing farm machinery and improve farm income.
Incorporating oilseeds into cereal-based rotational systems has been suggested as a means to diversify and increase profitability of dry land crop production in the GP [18] .
Potential oilseed crops
Different scientists have evaluated several oilseeds across the GP for their potential in replacing fallow in dry land crop production in the region. Among the oilseed crops that have received considerable attention for semi-arid production includes camelina, canola (Brassica napus), Indian brown mustard (Brassica juncea), safflower (Carthamus tinctorius), sunflower (Helianthus annuus) and soybean (Glycine max). Though most of the crops can be grown in the GP, not all can be incorporated into semi-arid wheat-based crop rotations because of water use, cold tolerance, diseases and pest issues. For instance, sunflower has been grown with some success in western Kansas [19] and eastern Colorado [20] . However, it has deeper root system and tends to extract significant amounts of water from the soil profile. Sunflower roots can extend beyond 218 cm in the soil [21] and effective water extraction up to 165 cm of the soil profile has been observed [20] . The significant water withdrawals means yields of crops following sunflower in rotation will be adversely affected. For example, winter wheat yields were significantly reduced when grown after sunflower at Akron, CO [22] . In order to sustain wheat production and reduce crop failure, growers adopting sunflowers under semi-arid conditions will need to incorporate a longer fallow period after sunflower to recharge the soil profile for the subsequent crop.
Canola, mustard and camelina are early maturing crops requiring shorter growing days from planting to maturity. Of the three, canola is cultivated widely in the GP and has received considerable attention in terms of agronomic research and plant breeding efforts aimed at varietal development and improved oil quality [23] [24] [25] . The improvements in the fatty acid composition, particularly reduction in the erucic acid levels had made canola the third most important vegetable oil in the world [23] . Current availability of herbicide-resistant canola cultivars makes its cultivation very attractive to growers. This has resulted in an increase in total acreage of canola production over the past 20 years [26] . Despite the market availability for canola, cost of production is relatively higher compared to other oilseeds. Besides, canola and mustard have extensive root system capable of drawing water from deeper soil depths, between 114 to 165 cm has been reported [18, 27] . Canola and mustard roots grow faster and develop more extensively than the roots of camelina [27] . Canola and mustard thus require adequate sub-soil moisture to sustain the crop during flowering and seed filling which is usually not available under dry land conditions in the semiarid GP. Chemical treatment for flea beetles which attack young canola seedlings [28,29] is another drawback to canola production. To minimize the spread of pest and diseases, it has been suggested that canola be grown every three to four years when rotated with small grains [30] . Pavlista et al. [29] also reported seed damage in mustard and canola by birds which can cause significant yield loss.
Unlike canola, camelina is reported to be unaffected by flea beetle and bird damage [29], shows superior tolerance to cold, high drought tolerance and require less fertilizer to produce adequate yields [14] . Camelina has shorter root systems and extracts water from shallow soil depths, thus fit well into dry land wheat production systems in the GP. However, camelina is susceptible to downy mildew that could potentially reduce yields [31, 32] .
Camelina: agronomy, prospects and challenges
Camelina is indigenous to northern Europe. It is also known as 'gold-of-pleasure' or 'false flax' and belongs to the mustard family. Popularity of camelina waned after World War II when high yielding commodity grains and other oilseed crops [33] displaced it. It is a short season crop, requiring 85 to 100 days from planting to maturity [15] . It has shallow root system ( Figure  2 ) and does not draw excessive moisture from the soil [14, 34] . Besides, camelina has unique fatty acid profile that makes it a good candidate for both nutritional and industrial applications [35] . Camelina can either be grown as a spring or winter crop. However, most of the cultivation in the US is done in the spring. Spring seeding normally occurs in late March through the end of April and harvested in July. Winter cultivars are planted in the fall [36] (September through October), they germinate and endue the cold temperatures by going into rosette stage and resumes growth when conditions are favorable in the spring. Growing camelina as a winter annual crop has distinct advantages. Fallseeded camelina will emerge earlier in the spring and improve plant stand. Good stand establishment can suppress weeds [36] , an added advantage because currently, there are no labeled herbicides for broadleaf weed control in camelina. Besides, fall planting will allow camelina to mature before the onset of hot summer temperatures that can affect seed yield. Fall-seeded camelina may be harvested early, allowing for soil moisture storage and the production of a second crop [36, 37] . This will fit well into the traditional non-irrigated winter wheat-based cropping systems where moisture availability is critical to prevent crop failure.
Camelina plants become woody as the plant matures and can grow to heights ranging from 30 to 80 cm [27] . Camelina leaves are arrow-shaped, pointed with smooth edges and are 5 to 9 cm long [35] . The pods are teardrop-shaped with small seeds (Figure 3 ). Depending on variety and growing conditions, it can produce approximately 350,000 seeds per pound [35] . On a dry weight basis, oil content of camelina ranges from 30 to 40% [27, 29] , though values as high as 48% has been reported [38] . Camelina is drought-tolerant crop that can thrive and produce reasonable yields in low moisture conditions [14] . It has better spring freezing tolerance and drought tolerance compared to canola [15] . Cold temperature in the spring is a major limited factor that affects oilseed crops when grown in the GP. In a controlled environment study, camelina seeds were shown to emerge at 0 ͦ C [39] . Camelina seedlings can survive freezing temperatures of -2 °C that can cause significant injury in flax, mustard and rapeseed [34] . Seeding date is an important management practice that can be adapted to optimize camelina production. Early seeding allows camelina to flower before the usual summer heat and drought period that would help prevent pod abortion and increase seed yield. Planting beyond mid-April results in a significant decrease in seed yield (Table 1 ). Due to the small seed size (Figure 3 ), camelina is planted at shallow depths (6-8 mm) to ensure plant emergence and good stand establishment. Soil preparation, seeding rate, method of planting and seeding depth are all factors that have been found to affect plant establishment and subsequent seed yields [40] [41] [42] . Seeding date may also depend on the environment and soil moisture availability. In a recent study in western Nebraska under irrigated conditions, camelina . The authors concluded that spring camelina seeded in April could provide good oil yields for Western Nebraska. Different seeding dates may be expected to affect fatty acid composition of oilseeds; however, a recent report found that camelina lipid profile is not influenced by temperature during the plant growth [43] . In general, seeding rate of 5-7 kg seeds ha -1 is adequate to ensure good dense stand. Camelina can be grown under conventional tillage or no-till conditions [44] . However, excessive crop residue can reduce seedling emergence with no-till, therefore seeding rates need to be increased under no-till [44] . Also because of lack of registered herbicides for post-emergence weed control in camelina, pre-emergence weed control using glyphosate or a mixture of glyphosate and pendimethalin should be applied before planting. Currently, the only labeled herbicide for weed control in camelina is sethoxydim that control only grass weeds and has no effect on broadleaves. A recent study in MT on pre-emergence herbicides for weed control in camelina reported that quinclorac is safe to be used in camelina [45] . The authors also reported that other chemicals such as dimethenamid-P, S-metolachlor and pendimethalin might have an acceptable level of crop safety when lower rates are used and therefore, could be registered for weed control in camelina [45] . Residual herbicides from sulfonyl urea class compounds labeled for weed control in wheat and other cereal crops are reported to affect camelina emergence and stand establishment [44] .
Nutrient management is important in camelina production as it affects growth, yield and seed quality. Depending on pre-plant soil fertility, soil type and available soil moisture, 50-120 kg ha -1 nitrogen (N) and 10-25 kg ha -1 sulfur (S) are usually required for camelina production [13, 46, 47] . Camelina's response to N and S are highly dependent on soil moisture availability and SOM. Our ongoing research efforts under non-irrigated conditions in KS and WY have shown that S fertilization had no significant effect on camelina seed yield. However, N application increased camelina seed yield with maximum yield occurring at 45 to 56 kg N ha -1 . In a previous study in WY, camelina showed no response to phosphorus (P) even when the soil test P concentrations were very low [48] . In responsive environments, applying P at 15 to 30 kg ha -1 may be adequate.
Usually, minimal management practices are required after seeding to crop maturity. Harvesting should be done early when the plants reach physiological maturity. This is usually when 50-75 % of the silicles are brown in color [41] . Delaying harvest could cause seed yield loss due to pod shattering. In the event of uneven maturity, swathing the crop should be considered. Camelina can be harvested using regular grain combine with few adjustments. For direct combining, the height of the header must be set as high as possible, to avoid plugging the combine. Appropriate adjustment to airflow (usually low) of the harvester should be done to reduce seeds been blown away. Because low airflow of the harvester is used during harvest, sometimes camelina seeds may come out with a lot of plant material and seed cleaning may be needed. Installing a 0.35 cm screen over the lower sieves in the harvester will provide good separation of the seeds from stem pieces and pods [44] . In MT, seed yields of 1680 to 2016 kg ha -1 have been reported for camelina grown under non-irrigated conditions in areas receiving 400 to 500 mm of rainfall and 500 to 1344 kg ha -1 in regions with lower precipitation [15] . Average yields of 450 and 1300 kg ha -1 has been observed in our trials conducted in western KS and northwestern WY, respectively over 2013 and 2014 growing. A greater seed yield of 2880 kg ha -1 has been reported in Eastern Europe [38] .
Due to its lower water requirements, camelina has greater potential for non-irrigated crop production systems in the GP. There have been few cropping systems efforts aimed at incorporating camelina into dry land wheat-based crop production. Early dry land research trials on spring camelina in the US northern GP indicated camelina produced greater or similar yields as other oilseed crops and had the least lodging and insect damage among the oilseeds tested [31] . Similarly, Johnson et al. [49] reported significantly greater camelina seeds yield than canola when the two crops were grown under nonirrigated conditions at Akron, CO. Replacing fallow with a biofuel crop as camelina has the potential to diversify cereal-based crop production systems in the GP. Crop diversification by adopting bioenergy crops will diversify markets, manage crop pests and increase overall crop productivity. This has the potential to improve farm income, profitability and long-term sustainability of crop production systems in the region. Recent cropping systems studies in MT and WY have shown that camelina can replace fallow in wheat-fallow systems with minimal yield reductions in wetter years [15] . Growing camelina on underutilized fallow strips in wheat-based production systems avoid direct competition for land use with food crops.
Despite its potential as an alternative bioenergy crop for dry land cropping systems in the GP, several constraints affect production and economic viability of camelina in the GP. Information on adapted winter and spring camelina genotypes, production systems and best agronomic production practices are limited. In addition, current production costs and lack of markets limit profitability of camelina. Harvesting and postharvest losses is another challenge in camelina production. Uneven maturation resulting in harvesting problems and subsequent yield loss due to shattering has also been reported [42, 50] . Another drawback to camelina production is downy mildew infestation. As mentioned previously, downy mildew has been found in camelina fields in MT, NE and the Pacific Northwest [31, 32] and there are no current recommendations to control downy mildew in camelina. The above constrains raises the need for more research to be conducted on camelina in order to optimize its production.
Potential uses and industrial applications for camelina
Camelina seed has high oil content with unique properties for both industrial and nutritional application. Based on reported seed yield, Moser [51] estimated camelina oil yield to be 106 to 907 L ha -1 , which is significantly greater than soybean (247-562 L ha -1 ) and sunflower (500-750 L ha -1 ). The oil contains about 60% polyunsaturated fatty acids mainly linolenic (18:2n-6) about 15% and 40% α-linolenic acid (18:3n-6), 30% monounsaturated and 6% saturated fatty acids [15, 52] . Camelina oil is very high in α-linolenic acid, an omega-3 fatty acid that is essential in human and animal nutrition [52] . Because of the higher omega-3 fatty acid content, camelina oil has been promoted as a dietary supplement in human and animal nutrition. However, the presence of high erucic acid [52, 27] (2.3 to 4.5%) makes higher dietary consumptions of camelina oil unsafe. The oil also contains high levels of γ-tocopherol (vitamin E) which confers a reasonable shelf life without the need for special storage conditions [52] .
Camelina as a feedstock for biofuel:
Camelina seeds can potentially be used for biodiesel (fatty acid methyl esters) production. This is useful because of the insecurity related to fossil fuels. As a result, there has been increased demand for biofuel production. In order to sustain food production, oilseed crops used for biofuel production should be from non-human food sources. This makes camelina seeds, which have high oil content (> 30% on dry weight basis) and is currently nonedible in-terms of human consumption, an attractive crop for biofuels. In addition, it has been demonstrated that camelina has negligible potential as an invasive weed if grown in a large scale as biodiesel crop [53] .
Studies have shown that camelina oil is a good feed stock for biodiesel (prepared via transesterification) production [54, 55] and as a renewable jet fuel through hydrodeoxygenation/hydro cracking [51] . In the US, several companies including Accelergy Corp., Altair, Inc., Biojet Corp. and sustainable Oils, LLC have successfully produced camelina-derived jet fuel [51] . Recently, a blend of camelina-based jet fuel produced by Sustainable Oils in Montana was tested in commercial, military and private aviation flights in the U.S (http://www.susoils.com/flights.php). This camelina-based fuel met all aviation fuel specifications and performed well in both types of planes. Life cycle analysis showed that camelina-based jet fuel and biodiesels reduce carbon emissions by 75 and 80%, respectively, compared to petroleum products [56] . A recent study by Soriano & Narani [55] demonstrated that the fuel properties of camelina biodiesel (such as kinematic viscosity (40°C), flash point, cloud point, cold filter plugging point and oil stability index) are similar to sunflower biodiesel properties. However, due to the high amounts of n-3-fatty acids in camelina oil, biodiesel prepared from camelina oil exhibited poor oxidative stability and showed the highest potential to form coke during combustion. While camelina biodiesel may have some undesirable fuel properties, it is comparable to soybean at the B20 level [55] . Despite the fuel attributes, the current downward trend in oil prices makes biofuel production from alternative sources such as camelina unprofitable.
Camelina as a feed meal for animal nutrition: The byproduct of camelina seeds after oil extraction can be used as feed meal for livestock. The meal is very nutritive with high levels of omega-3 fatty acids (> 35%), vitamin E, crude protein (>45%) and fiber (10-11) [57, 58] . Camelina meal has been used successfully as a protein and lipid antioxidant for pork meat patties [59] . Cake derived from camelina meal has shown to increase unsaturated fatty acids in ewe's milk [60] .
Feed meal from camelina contains moderate to high amounts of erucic acid [52, 27] (2.4-5%), sinapine (2-4 mg kg -1 ) and glucocinolates (19-25 mmol kg -1 ) which are anti-nutritive compounds [61,58,62]. Morris [63] observed that high erucic acid in feed meal resulted in fat deposits in heart muscle and myocardial lesions in experimental animals. Likewise, glucoinolates in the feed meal caused impairment of growth and fertility, as well as irritation of gastro-intestinal mucosa, followed by local necrosis in livestock [62] . Due to the health concerns associated with consuming camelina feed meal, the U. S. Food and Drug Administration (FDA) allows a maximum of 10 % camelina feed meal to be included in rations for ruminants [64] .
Camelina for bio-based products: Camelina oil has potential for bio-based industrial application. The high amounts of unsaturated fatty acids (about 90%) make camelina oil fastdrying which can be used for making polymers, varnishes, paints, cosmetics and dermatological products [65, 66] . Besides, vegetable oils with high unsaturated fatty acids can be epoxidized and used in many industrial applications such as lubricants, resins, coatings and adhesives. Kim et al. [67] were able to optimize the epoxidation process for camelina oil using formic acid and hydrogen peroxide. The authors showed that epoxidized camelina oil has potential in the biopolymer industry for making pressure-sensitive adhesives, resins and coatings. Cosmetic products such as camelina lotion ( Figure 4 ) and soaps ( Figure 5 ) are marketed in smaller quantities in the USA by small businesses (e.g. Manor Hall Soap Company, Springfield, MA; TaDa Soap, Sheridan, WY; Siberian Tiger Naturals Inc., Seattle, WA). Camelina meal was shown to suppress Phymatotrichopsis omnivore (Duggar) sclerotial germination and hyphal growth at 5% and 1% application to soil, although camelina meal was less effective than the mustard meal [68] . The fungus P omnivore causes cotton root rot, affecting cotton and alfalfa production in Texas [68] . Alternative uses and markets for camelina such us bio-products and animal feeds are still in the developmental stages. Concerted research efforts is needed in this area to expand the market base for camelina to insure large scaled camelina production since grower adoption of the crop will depend on market availability. Camelina current production and potential future markets: The state of Montana is the leading producer of camelina in the U. S.; however, production has been declining since 2009 ( Table 2 ). The decline of camelina production in MT was because of the low market price for camelina seeds. Average sale price for camelina seed was $ 0.082 kg -1 in 2007 [69] . Craig Parker, Chief Executive officer of Willamette Biomass Processors, Inc., Rickreall, OR., indicated that his company's market price for camelina seeds was $ 0.073 kg -1 in 2014 (Personal communication). Compared to 2007, this represents 11% reduction in the sale price for camelina seeds. In order to encourage camelina production, the USDA-Federal Crop Insurance Corporation (FCIC) approved an insurance policy for camelina growers in 2013 (FCIC-20170L) which was effective for 2014 and succeeding crop years [70] . The policy allows up to 65% insurance coverage for camelina production. Although this incentive for producers could enhance grower adoption, availability of market outlets will be the ultimate determinant for grower adoption. Economic analysis conducted by Foulke et al. [71] showed that the net profit of an on-farm biofuel (straight vegetable oil after pressing camelina seeds and filtering) production from camelina was relatively low. Their data indicated a breakeven price of $ 0.89 L -1 for an on-farm biodiesel produced (via pressing and filtering) from camelina grown in a dry land WF. Similarly, using a stochastic crop rotation budget and profitability sensitivity analysis, Keske et al. [72] showed that there is a 51% probability that production of camelina for biofuel would be profitable when diesel price reaches $ 1.15 L -1 . However, an experienced farmer who could produce camelina on a large scale has 90% probability of success when diesel price is at $ 0.83 L -1 . The authors mentioned that a risk-averse farmer would not mind producing camelina when diesel price reaches $ 1.31 L -1 because at that diesel price, it would be more profitable to produce camelina for biodiesel. Notwithstanding, at the current downward trend in diesel and gasoline prices, production of biofuel (either on-farm production of neat oil for direct use or off-farm production of biodiesel through transesterification) from camelina is unprofitable.
A game changer that could improve profitability of growing camelina would be to find a niche market for camelina meal and oil. According to Reddy et al. [73] , using oilseed derived oils to produced synthetic polymers is far more profitable ($ 1750-2000 ton -1 ) than when used as feed meal ($ 150-250 ton -1 ). However, this is usually not encouraged for edible oilseeds. Since camelina oil is non-edible, there is potential to expand that market. More importantly, ability to make use of camelina by-products for bioproducts after oil extraction would be a major breakthrough. About 60-70% meal is available after camelina oil extraction, thus enough by-products would be available to support a biobased product. Reddy et al. [73] indicated that the use of the byproducts of oilseeds for bio-product is a challenge due to their non-thermoplastic nature. Nonetheless, camelina by-products could be optimized to increase the tensile properties and potentially be used for films, fibers and thermoplastics when grafted with various acrylates [73] .
Prospects for Future Research

Agronomic research
Information on adapted winter and spring camelina genotypes, production systems and best agronomic production practices are limited. Research is needed to develop production recommendations for camelina as fallow replacement crop in non-irrigated cropping systems by conducting multi-location trials to evaluate planting dates and agronomic performance of spring and winter camelina genotypes across the GP, similar to what have been done in spring canola by Pavlista et al. [29] . Studies on N and S fertility requirements and incorporating camelina into cropping systems should be conducted. In additions, studies that will investigate post emergence broadleaf weed control are also required. Camelina yield loss because of seed shattering, harvesting and in postharvest management should be addressed. Studies to develop management strategies for downy mildew control should also be considered.
Plant breeding efforts
Unlike other oilseeds, limited plant breeding research has been conducted on camelina. Camelina cultivars in US are mostly of European origin, with limited improvement, that have been screened and adapted to regional environments. Plant breeding efforts are required to develop adaptable high-yielding camelina cultivars with improved seed yields, oil content and quality. Also developing cultivars less sensitive to heat stress will expand camelina growing environments to southern portions of the GP.
Alternative uses
Finding alternative uses for camelina meal and oil will expand the markets for camelina grown in the US. Research efforts with Universities and industry partners into perfecting alternative uses for camelina oil and meal by converting into biobased products such as using camelina as drop-in products for adhesives, coatings and packaging materials will create ready markets for camelina growers.
Conclusion
Camelina holds promise as an oilseed crop with the potential for commercial biofuel production, animal feed and other industrial applications. The lack of a market and low profitability when compared to other oilseeds are presently hampering its adoption. Research on camelina is limited and its production systems are not been fully optimized. Agronomic research to identify suitable winter and spring camelina genotypes, seeding dates and soil fertility requirements are needed to develop site-specific production recommendations for camelina in the GP. Post-emergence broadleaf weed control, seed shattering, harvesting and post-harvest management strategies remain problematic. Plant breeding efforts aimed at developing desirable traits such as improved seed yield, oil content and fatty acids composition and tolerance to heat stress will expand camelina growing environments. Research efforts into perfecting alternative uses of camelina oil and meal in the bio-based products industry such as using camelina as a dropin product for adhesive, films, coatings, packing materials and plastics will expand the market beyond biodiesel. An expanded market will enhance the economic viability of camelina as a commercial oilseed. The latter will ensure grower adoption of camelina in the Great Plains because of its desirable agronomic characteristics as a dry land crop.
